
ULR1098 AR-005-193

OTC1

DEPARTMENT OF DEFENCE

DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION

MATERIALS RESEARCH LABORATORY

0D MELBOURNE, VICTORIA

-a NREPORT'

MRL-R- 1096

EXA INATION OF POLYSULE IDE SEALANTS BY

SCANNING ELECTRtON mICROSCOPY

W. Mazurek and V.m. Suva

~~ OTCSELECTE
MAY 03 IMO

Approved for Public Release

MELBOURN

99 - .--



DEPARTMENT OF DEFENCE

MATERIALS RESEARCH LABORATORY

REPORT

MRL-R-1096

EXAMINATION OF POLYSULFIDE SEALANTS BY

SCANNING ELECTRON MICROSCOPY

W. Mazurek and V.M. Silva

ABSTRACT

A procedure was developed for the examination of polysulfide sealants by
scanning electron microscopy. This procedure was applied to manganese dioxide and
dichromate-cured elastomers.

Calcium carbonate filler was identified in both types of sealants and the
particle size was found to be < 4 gm. A technique. was developed for the removal of the
surface calcium carbonate exposing other solid additives. Amongst these, manganese
dioxide was most obvious due to the large particle size and abundance. The presence of
chromium containing particles could not be established and in practical terms it can be
considered as a "solution" in the polysulfide. This implies a homogeneous phase reaction
between the dichromate curing agent and the prepolymer and consequently a greater
likelihood of a more complete curing of the polymer than that effected by-manganese
dioxide.
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EXAMINATION OF POLYSULFIDE SEALANTS

BY SCANNING ELECTRON MICROSCOPY

1. INTRODUCTION

Polysulfide sealants are used extensively in aircraft where there is a
• \ • requirement for sealing metal joints and fasteners in integral fuel tanks, water tanks and

canopies. The sealants used by the Royal Australian Air Force are formulated to
conform toL 430A [11 and Mn,-S-8802E [21. PR-1750 and PR-1422 are sealants
manufaciby PR.C (Product. Research and Chemical Corporation, USA) and by
Selley's Austialia under licence from PRC, to meet the requirements of these
specifications. One of the critical requirements is stability at elevated temperatures•""•' (>180°C,. /T

* 4' A tl~ i- -L,,4 4ý
The sealants are based on polysulfide polymers cured by the addition of a

strong oxidizing agent.-Ja-Vie, case of PR-1750, manganese dioxide is used as the curing
agent whereas calcium dchromate is used in PR-1422. The former sealant has superior
thermal stability compared with the dichromate cured system. The two factors most
likely to affect the thermal stability of a given prepolymer, are the extent of cure and
the thermal stability of the intermediates formed in the curing process. In.-most cases

:., ~ the curing agent does not form a homogeneous mixture with the prepolymer and
therefore the extent of curing will be largely determined by its dispersion in the
prepolymer. Manganese dioxide is usually added as a solid despersed in an inert medium
whereas dichromates are added as a solution although it is not known whether they
remain in solution after addition to the prepolymer. In order to appreciate the
differences between these two common polysulfide curing agents it is essential to
understand the chemistry of the curing process.

The curing (polymerization) process involves the oxidation of the terminal
thiol groups in the polysulfide prepolymers to form the corresponding disulfide.

Mn + H4 SCH2 CH2OCH2 OCH2 CH2 S4nS÷M(n- 2 )+ + C SCH 2 CH2OCH2OCH2 CH2S ]m



The process can be more simply expressed as:-

Mn+ 2RSH+ RSSR + 2H+

and it involves the net transfer of two electrons per molecule of disulfide. In some
cases, in non-aqueous media, the process is known to occur via intermediate metal
thiolate compounds. For example, with tellurium dioxide E3, 4) the following reaction
occurs:

TerV0 2 + 4RSH--. TeV(SR)4 + 2H2 0

Oxidation of the thiolate then proceeds via intramolecular electron transfer. In the case
of tellurium(lV) tetrathiolate, the process occurs in two steps. The first step is the
formation of teilurium(ID dithiolate:

TeWV(SR) 4 -- 0 TeGSR)2 , +r RSSR

The subsequent decomposition to tellurium(O) and the disulfide occurs less readily.

Te%(SR) 2 -- 0 Teo + HSSR

Although this reaction is carried out in a heterogeneous phase the tellurium thiolates
dissolve in the reaction medium. Their decomposition ultimately results in the
precipitation of tellurium.

Dichromate oxidation of thiols appears to proceed via a complex pathway. In
aqueous media the following sequence of reactions [51 has been proposed:

CrVI + RSH ; ESCrVI

RSCrV1 + SH -- CrV + RSSR

RSCrV'VI CrV + R~S

To date there have been no non-aqueous studies to indicate whether these reactions are
applicable to the conditions encountered in polysulfide curing with dichromate. However
this matter is presently being investigated by this Laboratory.

There has been a report of a dichromate-cured polysulde sealant being
extracted with EDTA solution and this has been used as evidence in support of the
presence of chromium thiolate compounds ithe cured sealant [6). A large portion of the
dichromate was found to be reduced to Cr 2toI 3 . The conclusions are justified providing
that Cr20 was not solubilized by the extraction. Although the proposed sequence of
reactions ?or the oxidation of thiols does not include the formation of Cr2 0 3 , the
formation of Cr(ID readily occurs at pH < 6 in aqueous media through a
disproportionation reaction [7, 81.
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3Cr(V) -- 2Cr(VD + Cr(WI

Cr(V) + Cr(IV)A Cr(VD + CrAID

- The possibility of CraII) thiolate compounds being present in the cured
polysulfide [61 has not been explored in detail but air sensitive Cr(ID thiolates have been
derived from simple thiols [9, 101.

Because of the high viscosity of the polysulfide prepolymers (15-1500 poise)
and the heterogeneous phase oxidation by manganese dioxide particles, complete
oxidation of the prepolymer can only occur with efficietit mechanical mixing. However
as the polymerization proceeds the viscosity of the mixture increases and contact
between all reactants becomes less likely. Consequently the dispersion of the oxidant in
the polysulfide is likely to be the dominant factor in determining the extent of the
chemical reaction.

A possible mechanism for the oxidation of thiols by manganese dioxide has
been suggested (111. Manganese dioxide alone was found to be unreactive towards the
oxidation of thiols. However, the activated oxide produced by alkali treatment of
manganese dioxide, is known to form a coating of mangamite ion on the manganese
dioxide particles.

MnO2 '+ 2OH---. Mn 3  + H2 0

- Although, in the presence of moisture, the blue colour of the manganite reverts back to
the brown manganese dioxide, the product still retains its activity.

Thiol oxidation is thought to proceed through the coordination of the thiol to
the manganese dioxide with the manganite ion providing a base for the deprotonation of
the thiol.

0 0

MnO 2 + 2RSH - Mn

RS SR.,I
MnO + 2RS'--- RSSR

A hydrated manganese hydroxide has also been proposed (12];

0--H-0 0--H--0

LMn M nj
• 0 -H -- O 

• O - H - -



with the oxidation occurring via the generation of hydroxyl radicals.

MnO(OD 2 -- o MnO + 20H"

The thiol oxidation could then proceed as follows:

2ESH + 20H -- P. 2R + 2H2 0

2RS" -- RSSR

On the other hand both electrochemical and chemical reduction of KnO has been found
to proceed to MnOOH [131 with little opportunity for direct forxvation o5 Mn(ID or Mn(I)
thiolato compounds such as those formed by the reaction of Mn+ salts with thiolates
(14-161. Thus the mechanism for the oxidation of thiols by manganese dioxide remains
subject to speculation.

If the polysulfide curing process occurs via intramolecular electron transfer
from the thiolate to the metal ion, the polymerization would then take place at the
metal site. If the curing proceeds through the formation of a thiyl radical (RS.) then
disulfide formation will occur mainly in the region where the radical concentration is
highest. Assuming that one thiyl radical is generated by one metal ion and the oxidant is
evenly dispersed in the polysulfide, polymerization will occur uniformly throughout the
polymer. This situation could be applicable to manganese dioxide, however, it is difficult
to envisage uniform dispersion of this insoluble solid on a molecular scale. In practice a
3 molar excess of manganese dioxide is used to ensure adequate curing indicating the
difficulty of dispersing the oxidant in the polymer and in fact it is necessary to disperse
the manganese dioxide in an inert medium prior to addition to the prepolymer.

In the case of dichromate, the reaction stoicheiometry is 6 moles of thiol to 1
mole of dichromate.

.Cr2Vr7 2- + 14H+ + 6e--. 2Cr3 + + 7H2 0

6ESH -. 3ESSR + 6H+ + 6e

In practice a molar ratio of 5:1 is used indicating that the process proceeds
stoicheiometrically and that there is intimate contact between the thiol and the
dichromate in the reaction medium.

In this work both manganese dioxide (PR-1750 B132) and dichromate (PR-1422
B132) cured polysulfide sealants have been examined by scanning electron microscopy
techniques so that a better understanding could be obtained about the interaction of
curing agents within the sealant medium. Previous attempts to study this interaction by
ear had proved unsuccessful (5].
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2. EXPERIMENTAL

(a) Preparation of Elastomers

" The polysulfide sealants PR-1422 B1/2 and PR-1750 B1/2 were cured by
adding the curing paste to the base sealant in the ratio specified by the manufacturer
Peoduct Research Corporation, USA and Selleys Australia Pty Ltd, respectively. The
components were mixed using a 25 mm diameter Teflon mandril rotating at
approximately 150 rev. mrin. After mixing, the sealants were cast into sheets
approximately 3.5 mm thick. The sealants were prepared two years prior to examination.

Cured polysulfides without fillers were prepared by:

(a) curing Thiokol LP-2 prepolymer (120 g) with manganese dioxide Type C
(Riedel-De Haen AG, Seelze-Hannover) (12.5 g) dispersed in Cerechlor
(12.5 g)

(b) curing Thiokol LP-2 prepolymer (120 g) with ammonium dichromate (4.8 g)
dissolved in a mixture of dimethylformamide (10 g) and water (2.4 g). These
elastomers were heat aged for 7 days at 50PC and prepared 4 months prior
to examination.

(b) Scanning Electron Microscopy

The scanning electron microscope used was a Cambridge Stereoscan 5250 Mk2
with Link Systems Energy Dispersive X-ray Analysis 860 Mk 2.

All specimens were vacuum coated with a conducting film of carbon or gold
prior to examination in the scanning electron microscope. Several imaging modes were

* used to elucidate the dispersion of the filler and curing agent in the elastomers, namely;,
secondary electrons for topographical information, back scattered electrons for atomic
number contrast and energy dispersive x-ray mapping (x-ray emission) for specific
element identification.

*+ (c) Specimen Preparation and Examination

Several methods for producing fracture surfaces were used in order to obtain
suitable surfaces for examination of the filler and curing agent in the elastomers. These
were:

(i) freeze fracturing in liquid nitrogen,

(ii) room temperature fracturing,

(iii) cutting with a sharp blade,

(iv) part cut and part room temperature fracture (by hand).

5
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The initial difficulty with specimen preparation was to find a method which
not only revealed the filler material but also enabled its recognition in the scanning
electron microscope (SEM) image. The lack of experience with the examination of this
type of material under the SEM meant that a considerable effort was necessary in order
to interpret the results.

Method (i) was not satisfactory as the fast brittle fracture did not reveal any
recognisable filler particles. Methods (ii) and (iii) were used to establish that the sample
preparation methods were not influencing the results as obtained from the SEM. The
most satisfactory method of elastomer specimen preparation for the SEM turned out to
be method (iv) where both cut and fractured sections could be examined on the one
specimen. The observations made when using this method were reproducible.

3. RESULTS AND DISCUSSION

(a) Identification of the Calcium Carbonate Filler .,

Examination of a cross section of PR-1422 B1/2 sealant sample under low
*magnification in the SEM, revealed a number of voids (< 0.5 mm diameter) caused by

entrapped air during the preparation of the sealant (Figure 1). A closer examination of
the specimen cross section produced by fracture, indicates a high filler density (Figures
2-4). The dominant filler in PR-1422 sealant is calcium carbonate (Table 1) and this
requires identification prior to any assignments being made to the lesser components.

The obvious technique for separating the calcium carbonate from the
remaining sealant components, is dissolution with mineral acid. It was found that
immersion of the sealant specimen in 0.2 M HC1 for 5 min produced a satisfactory
result. Longer immersion times and higher acid concentrations resulted in polysulfide
polymer degradation probably through acid hydrolysis of the methylenedioxy group.

Figure 1 shows the two halves of a sealant specimen cross section with one
half having been exposed to acid treatment. At higher magnification the filler is more
exposed in the fractured section (Figure 2) of the sealant rather than in the cut portion.

.• A comparison of the acid treated and untreated specimens shows that the acid has
removed most of the surface filler although there is evidence of some filler particles
beneath the polymer surface.

When the filler in the sealant is compared with calcium carbonate (whiting)
powder (Figure 3) the presence of a much smaller particle size is evident in the sealant.
The maximum particle size encountered in the powder is approximately 40 am whereas
in the sealant the filler particles are no larger than 2 jan. It is not clear whether this is
due to a finer grade of calcium carbonate incorporated into the sealant or whether the
milling operations performed in the manufacture of the sealant had resulted in the
disintegration of larger calcium carbonate particles. In order to resolve this problem the
calcium carbonate powder was milled with Thiokol LP-2 prepolymer, on a triple roll mill,
and the resultant mixture cured with dichromate. An examination of a fractured cross
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section clearly shows the presence of large calcium carbonate particles in the elastomer
(Figure 30d-0). This indicates that the calcium carbonate particles are not significantly
effects by the milling process and that the grade of calcium carbonate used in PR-1422
B1/2 is of a smaller particle size than the Qmyacarb 10 (Bathurst Australia) calcium
carbonate shown in Figure 3.

Similar observations were made of the manganese dioxide cured PR-1750
B1/2 sealant (Figures 4 and 5) which also has a large calcium carbonate component as
indicated by the analysis of a similarly formulated sealant (Table 2). In Figure 5a some
small cracks are evident in the sealant which are probably due to the acid treatment as
they are absent in the untreated specimen (Figure 5b).

(b) Distribution of the Oxidant

X-ray emission studies of the dichromate cured sealant PR-1422 B1/2,
indicate a uniform distribution of chromium in the sealant to a depth of 0.8 jin (Figure

-~ 6). An examination of an ammonium dichromate cured polysulfide also shows the
absence of chromium containing particles (Figure 7). Although the dichromate is added
dissolved in dimethylformamide and water, it could be expected to precipitate in the
non-polar prepolymer. The uniform distribution of chip mium in the cured polymer
implies that if precipitation does occur the particles are of a very small size, well
dispersed and appear not to aggregate to any extent. This is consistent with the need of
a near stoicheiometric quantity of dichromate for the curing of polysulfide prepolymers.

In order to obtain more accurate measurements of chromium dostribution, an
x-ray emission scan was taken across the specimen cross section together with detector
background levels (Figure 8a). None of the particles present in the specimen produced an
emission corresponding to chromium. At high magnifications the electron back-scatter
micrograph again failed to reveal any chromium containing particles greater than 0.1 j&n
(Figure 8) indicating the strong likelihood that chromium is present as a "solution" in the
polymer.

The manganese dioxide-cured sealant, PR-1750 B1/2, after acid treatment,
shows no obvious sign of filler particles (Figure 9a, b). The electron back-scatter
micrograph however reveals a number of particles embedded in the surface (Figure 9c)
but considerably fewer than the untreated specimen (Figure 9d). The x-ray emissions

'C from the same area show that the' majority of the large particles in the untreated
~specimen contain manganese (Figure Sf). This is supported by the evidence from the acid
treated specimen (Figure 9e) where the correlation between the x-ray emissions and the
particles in the electron back-scatter micrograph (Figure 9c) is more obvious. The
largest manganese containing particle in the micrographs is approximately 20 jin. A
micrograph of manganese dioxide itself shows that the particles can be as large as 30 jan
(Figure 10). Electron back-scatter micrographs together with x-ray emissions leave no
doubt that manganese containing compounds are present as discrete particles (Figure 11).

An examination of the fractured manganese dioxide-cured polysulfide
polymer shows the presence of large particles of manganese dioxide at the apices of
surface projections arising from the fracture (Figure 12). These are partly covered by
the polymer whereas smaller particles that appear in the fracture plane are completely
exposed. By comparison the ammonium dichro mate cured polysulfide shows smaller
surface projections (Figure 7a).

7



* This situation in the manganese dioxide-cured polysulfide may arise because
the energy required to propagate a fracture around a large particle is greater than that
required for a small particle. The other possibility is that the polymer surrounding some
of the manganese dioxide particles is more completely cured and consequently has a
higher mechanical strength than the polymer some distance further. This implies that
the manganese dioxide cured polysulfide is not homogeneously cured which is supported
by tle observation that the manganese dioxide-cured polysulfides are more likely to
dissolve in dimethylformamide than chromate-cured polysulfides [181.

An attempt was made to ascertain the extent of the cure at various distances
from the mangansse dioxide particles by using a micro hardness tester on a 3 mm thick
specimen of manganese dioxide-cured Thiokol LP-2 polysulfide embedded in epoxy
resin. The surface of the polysulfide was polished to expose the manganese dioxide.
However, no differences were found in the reactive forces to the applied load whether
the load was applied at the manganese dioxide particle, next to it or further away. It
was anticipated that a variation could be observed which was dependent on the distance
from the manganese dioxide and this would have indicated localized curing. Unlike
metals, to which micro hardness measurements are extensively applied, deformation of
the substrate caused by micro hardness diamond stylus is not localized and bulk
deformation is being observed. There is no other obvious technique which could be used
to determine variations of the extent of polysulfide cure on a microscopic scale.

4. CONCLUSIONS

Using the part cut and part fracture method for the examination of sealant
specimens by scanning electron microscopy the following conclusions were reached.

The high filler content of the sealant is most obvious in a fractured cross
section where calcium carbonate particles less than 2 Jw in size were observed
compared with < 40 Ja for calcium carbonate powder. The absence of larger particles in
the sealant was due to the compounding of the sealant but to a finer grade of calcium
carbonate.

The calcium carbonate filler can be removed from the surface of the sealant
"specimen by treatment with dilute hydrochloric acid. In the case of the manganese
dioxide-cured sealant, PR-1750 B1/2, the largest of the remaining particles were shown,
by x-ray emission, to contain manganese (most likely manganese dioxide). Chromium
containing particles could not be identified in the dichromate-cured sealant PR-1422
B1/2. It was concluded that the dichromate curing agent was very finely dispersed in the
matrix and in practical terms could be regarded as a "solution".

Although the x-ray data does not reyeal the oxidation state of chromium it is
highly probable that most of it is in the reduced +3 state as solid Cr 2O 3 . Whether the
chromium was initially solubilized by reaction (as in the case of tellurium dioxide) with
the prepolymer or whether the dichromate is naturally soluble in this medium is not
clear. The practical consequences of this inference is that at some stage during the
curing process a homogeneous reaction occurs between the dichromate and the
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prepolymer. This has the potential of a homogeneous reaction which can lead to a
complete cure.

The presence of discrete particles of manganese dioxide in the polysulfides
indicates that the curing agent is not solubilized by reaction with prepolymer and that
the curing reaction probably takes place at the surface of the manganese dioxide
particles. Although this observation does not exclude the possibility of a manganese
thiolate intermediate, it does tend to favour an indirect thiolate oxidation mechanism.
TAnis raises the question whether the extent of cure is the same in the immediate vicinity
of the particle as it is some distance further away. An attempt was made to resolve this
by the use of a micro hardness tester, but the lack of localized deformation in the
elastomer failed to reveal any variations.

The generally poor thermal stability (1200 - 1800 C) in air of PR-1422,
compared with PR-1750, is indicated by the weight losses (6, 191, and shear strength
[201. It is suggested that at these temperatures, the low thermal stability of PR-1422 is
not due to the polymer but rather to the presence of chemical equilibria involving
thermally unstable chromium-thiolate intermediates. The stability is also affected by
the pH of the curing system [171. The apparent absence of similar effects in PR-1750
supports the evidence for an indirect metal-thiol interactions and/or pH effects when
manganese dioxide is used as a curing agent.
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"TABE= 1

Chemical Composition of Polysulfide Sealant PR-1422 B-2 [17J

Sourcel Component Percentage

Base Polymer Filler 33

(CaCO3 ) (> 22)

Water 0.6
TolueneiMEK (1:1) 1.5

- Phenolic Resin 0.25

Prepolymer 65

Cure Paste Water 21

Dimethylacetamide 30

CaCr 20 7  25

Clay 22

Carbon 1

1 The base polymer and cure paste are used in the ratio 7.5:1 (w/w).
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TABXZ 2

Chemical Composition Of PolYsulfide Sealant PR-1422 B-2 (171

Source1  Component Percentage

Base Polymer Filler (CaCO3) 35

Phenolic Resin 0.2

Prepolymer 64

Cure Paste MnO 2  47

Carbon Black 12

Sodium Stearate 4.6
N,N'-diphenylguanidine 48

=x1 noe base polymer and cure paste are used in the ratio 10:1 (wlw).
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Figure 1. Two portions of PR-1422 B1/2 sealant, part cut (a) and part
fractured (b). Hydrochloric acid treated portion Is shown on the
Ieft,untreated portion on the right.

* (a)(b)

Figure 2. Acid treated (a,c) and untreated (b,d) Sections of PR-1422 81/2 sealant at various
Magnifications.
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Rgure 4. Two portions of PR-1750 81/2 sealant, part cut (a) and part

fractured (b). Hydrochloric acid treated portion is

shown on the left, untreated portion on the right.

(a) hi

(c) (di

Figure 5. Acid treated (a,c) and untreated (b,d) ections of PR-1750 31/2 sealant.
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Flour* S. Secondary emissions (a) and x-ray (Cr) emlissions (b) troam t he9 $ame are9a o f
PR-1422 01/2 sealant section.

(a) (b)

Fig"e 7. Secondary emissions (a) and x-ray emmission (b) f r om t he same area of an
ammonium dichromate cured polysuifide.

'Ar

(a) (b)

Fiqur'P R. Electron back scatter I a.b) with x-ray (CrO emission signal superimposed (a) from

* C. . .
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Figure 10. Electron back scatter (a) and x-ray (Mn) emissions (b) from a manganese dioxide paste.

*... .v. ~ Figure 1 1. Electron back scatter (a,b) and x-ray (Mn) emission signal superimposed (a) -
manganese dioxide cured polysuirfd..



(a)

.1

(c)

Fi"r 12. Secondary emissions (a) electron back scatter (b) and x-ray emissions (c)
from a manganese dioxide cured polysuifide.
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